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Astrophysical flux and flavor measurements

1. Introduction

The discovery of a diffuse flux of high-energy astrophysical neutrinos by the IceCube Neutrino
Observatory [ 1] has opened a new era in multi-messenger astrophysics. These neutrinos are believed
to be produced in hadronic interactions within powerful cosmic accelerators such as active galactic
nuclei or supernovae. Measuring the properties of this flux — including its energy spectrum and
flavor composition — provides critical insight into the origin of high-energy cosmic rays and probes
neutrino physics over cosmological distances. Therefore, several analyses have been performed in
various channels within IceCube collaboration to measure both the astrophysical neutrino energy
spectrum [2—8] and the flavor composition [9-13].

The IceCube detector is a cubic-kilometer neutrino observatory located at the South Pole,
instrumented with 5,160 digital optical modules (DOMs) deployed along 86 vertical strings. It
detects neutrinos by observing Cherenkov light from charged secondary particles produced in
neutrino interactions with the Antarctic ice. Events are categorized as either track-like or cascade-
like based on their topology. Track events arise primarily from muons produced in v, charged-
current (CC) interactions, and provide excellent angular resolution of ~1.5 degree [2, 6]. In
contrast, cascade events originate from CC interactions of v, and v, along with neutral-current
(NC) interactions of all flavors. Cascades yield a largely flavor-inclusive signature and achieve an
excellent energy resolution of about 7% at around 100 TeV. The two topologies are complementary
in reconstructing the full astrophysical neutrino flux.

In this work, we present an updated measurement of the astrophysical electron and tau neutrino
flux using 11 years of cascade data from IceCube, including fits to both single and broken power-law
models. We further introduce a method for identifying tau neutrino events using the double cascade
signature of v, CC interactions. The resulting high-purity v, sample enables enhanced sensitivity to
the flavor composition of diffuse neutrino flux. We evaluate expected flavor constraints by combining
this tau-enriched cascade sample with IceCube’s northern track sample [5], demonstrating the power
of a joint analysis across event types.

2. Astrophysical Neutrino Flux Measurement

In this work we extend the 6-year IceCube cascade analysis [7] to an 11-year dataset (2010-2020),
update the ice model [14, 15] used for event simulation and reconstruction, and refine the treatment
of systematic uncertainties. Considering both single and broken power law parameterizations of
the astrophysical neutrino flux, we adopt the same binning scheme and fitting framework as [7],
and perform a maximum-likelihood fit with an updated effective likelihood[16] that propagates the
statistical uncertainty of the Monte Carlo (MC) datasets. This procedure yields the most up-to-
date measurement of the diffuse astrophysical neutrino flux in the cascade channel, with markedly
reduced uncertainties, as shown in Sec. 4.1.

After recalibration of the DOM efficiencies by the IceCube Collaboration, the datasets used
here were reprocessed, yielding the “pass2” datasets [17]. We verified, during unblinding, that the
original selection cuts and Boosted Decision Tree (BDT) classifier from 6-year Cascade analysis
still delivers excellent data—-MC agreement: a binned y? goodness-of-fit test yields a p-value of 0.50,
indicating no significant discrepancy. This selection is applied to the full 11-year data and classifies
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data into three topological classes—cascades, starting-tracks, and through-going tracks. Cascades
constitute the astrophysical-neutrino signal sample, starting-tracks provide the atmospheric-neutrino
background control sample, and through-going tracks supply the atmospheric-muon background
control sample.

With this selection, the number of events in cascade sample increases from roughly 4,800 in
the 6-year study to more than 14,000." The Combined Fit analysis [8] incorporates the cascade and
starting-track samples presented here, but substitutes our track sample with a Northern-sky track
sample [5], yielding tighter control of the atmospheric-muon background. In addition, the two
studies rely on independent Monte-Carlo simulations and distinct fitting frameworks.

The modeling of ice optical properties, such as scattering lengths, absorption lengths, and hole-
ice properties, have been refined [14, 15]. Using the updated SPICE-3.2.1 model, angular resolution
for high-energy cascades (Ecascade > 100 TeV) improves to about 5°. A unified, model-independent
parameterization of the hole-ice properties [ 18], governed by two parameters pg and p, now affords
a consistent treatment of uncertainties associated with the refrozen columns surrounding DOM.

Atmospheric neutrinos are often accompanied by atmospheric muons that can trigger the veto
system—a self-veto that biases a neutrino-only simulation toward higher rates. While the 6-year
Cascade analysis used an earlier version of self-veto passing rate calculator [19] for a per-event
event weight correction, an updated version is now implemented which (i) derives parent spectra
from cosmic-ray interactions, (ii) incorporates stochastic muon-energy losses, and (iii) enables
systematic-uncertainty studies of fractions of atmospheric neutrinos passing the selections [20].

Finally, to propagate MC statistical uncertainties in each analysis bin we replace the usual
Poisson likelihood with an effective likelihood [16]. According an Asimov profile log-likelihood
scan, this choice broadens the profile log-likelihood contours slightly: the 10~ uncertainties on the
spectral index yassro and flux normalization @y of astrophysical neutrino flux each increase by
about 5%, while the best-fit values remain unchanged.

3. Astrophysical Flavor Measurement

The flavor composition of the astrophysical neutrino flux is a fundamental observable in
neutrino astronomy. While neutrinos are produced in flavor-specific processes at their sources,
propagation over cosmological distances leads to mixing through neutrino oscillations. For standard
neutrino production via pion decay in sources, an initial flavor ratio of (v, : v, 1 vz) = (1:2:0)
is expected to evolve to approximately (1 : 1 : 1) at Earth and assumed in Section 2. Measuring
this flavor composition provides a test of standard oscillation physics and serves as a probe of the
underlying neutrino production mechanisms.

In IceCube, flavor separation is challenging because multiple neutrino flavors can produce
similar topologies. Muon neutrinos are efficiently identified by their long track-like signatures,
while electron and tau neutrinos typically yield cascade-like events that are difficult to distinguish.
However, tau neutrinos interacting via charged-current processes can exhibit a distinct double

IThe apparent mismatch between the livetime scaling (11/6 ~1.8) and the event—count scaling (14 000/4 800 ~2.9)
comes from the way season 2010 and 2011 were handled in the 6-year analysis. That study retained only 113 very-high-
energy cascades from those two years. If we compare events rate of this analysis (14000/11) and events rate of season
2012 to season 2015 (4700/4), they are consistent to each other.
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cascade signature: one cascade at the interaction vertex and another from the tau decay. This
topology becomes resolvable when the tau decay length exceeds ~10 meters, typically at energies
above several tens of TeV. The decay length is strongly correlated with the tau energy via L, =
49.5 m x (E./1 PeV), making spatial separation a powerful handle for identifying v, events.

3.1 Double Cascade Selection

The cascade dataset provides a sample largely free of penetrating muon tracks, making it well-
suited for identifying double-cascade topologies from v, CC interactions, where a tau lepton is
produced and promptly decays. About 83% of tau decays yield hadronic or electronic final states that
can form a visible second cascade; the remaining ~17% are muonic and exhibit track-like topologies
not targeted in this analysis. The dominant background consists of cascade-like events from v, CC
and NC interactions of all flavors, as well as starting-track events from v,, CC interactions.

To identify double cascade v, events, we follow a reconstruction-based approach similar to
previous IceCube analyses [9, 10], using the Taupede algorithm [21], which fits the energies
and positions of two spatially separated cascades. This analysis uses updated simulations and
reconstructions incorporating the latest ice modeling results [22]. Two key observables—tau decay
length and energy asymmetry defined as: A = (E| — E»)/(E| + E;)—provide strong discrimination
between true double cascade events and backgrounds. A set of initial selection cuts ("precuts")
are applied to suppress low-energy and poorly resolved events while preserving signal efficiency.
These include a minimum reconstructed energy of 10*>GeV, a decay length threshold of at least
10 meters, and containment conditions that require the interaction and decay vertices to be within
the instrumented volume and outside the dust layer region’. Following the precuts, two Boosted
Decision Trees (BDTs) are used to enhance signal purity: the first targets single-cascade backgrounds
(e.g., ve CC and NC events), and the second rejects starting-track backgrounds from v, CC
interactions. The BDTs are trained on variables from both single and double cascade reconstructions,
with the most important inputs including the log-likelihoods under each hypothesis, decay length,
energy asymmetry, individual cascade energies, and total recorded charge.

After applying the precuts and optimized BDT selections, we obtain a v -enriched double
cascade sample with an estimated event rate of approximately 0.6 per year. The sample has a v,
purity of about 90%, defined as the fraction of selected events originating from true v, interactions.
Among these, 99% exhibit a double cascade topology and 82% have a true tau decay length
exceeding 10 meters as shown in Figure 1b. The weighted mean reconstruction error on the tau
decay length for selected v, events is approximately 4 meters.

This analysis builds on and improves on previous tau neutrino searches in IceCube. Compared
to earlier straight-cut based analyses like High-Energy Starting Events (HESE) [10, 12] and Medium
Energy Starting Events (MESE) [13], which applied fixed thresholds on reconstructed variables, our
BDT-based selection achieves a higher signal-to-background ratio and selection efficiency, yielding
improved v, purity over the 70% reported in MESE. In contrast to the convolutional neural network
(CNN)-based double pulse analysis [11], which does not provide a reconstructed event topology
or a flavor composition measurement, our approach yields a similarly high-purity sample with the

2The dust layer refers to a 100 m thick region of glacial ice located at a depth of approximately 2000 m in the
IceCube detector, characterized by an enhanced concentration of dust, which reduces optical clarity and degrades photon
propagation, affecting event reconstruction quality.
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added benefit of full topological reconstruction. These improvements make the selected sample

suitable for use in likelihood-based flavor composition analyses.
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Figure 1: Backgrounds from v, and v,, are suppressed while maintaining a high-purity v, sample.

3.2 Analysis Method

The complete cascade data set is divided into two exclusive subsets: the v -enriched sample
that passes the double cascade selection and the remaining single cascade events. This separation
ensures no overlap between the two cascade-based inputs. To evaluate sensitivity to the astro-
physical neutrino flavor composition, we perform a binned likelihood analysis combining three
complementary event samples: the 11 years v, enriched double cascade sample, the 11 years single
cascade sample, and a 9.5 years northern sky track sample [23] dominated by v,, CC events with
well-reconstructed muon tracks. Reconstructed neutrino energy and zenith angle histograms from
each sample are used in the fit. The flavor composition is parameterized by the electron and tau
neutrino fractions at Earth, (fe, f;), with the muon neutrino fraction given by f, = 1 - f. — f.
These two parameters are included as free variables in the likelihood fit. In addition, the fit includes
nuisance parameters accounting for uncertainties in the astrophysical neutrino flux, including its
normalization and spectral index, as well as detector systematics such as DOM efficiency and ice
properties, following the same configuration used in the flux measurement as described in Section 2.

4. Results

4.1 Astrophysical Flux Measurement

Detailed results are presented in Ref. [24]. For a single power law hypothesis the per-flavor
astrophysical neutrino flux is parameterized as

E,
100 TeV

where @ is the normalization and y the spectral index. The best-fit values are

Astro

_ —YAstro
ch+v,perflavor(Ev) — CI)() % 10—18 ( ) GeV—l Cm—2 S—l SI'_I, (1)

@y =1.83+£0.21, Yastro = 2.58 £ 0.06. 2)
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Figure 2 compares our result with other IceCube measurements: the previous Cascades [7],
the Combined Fit [8], HESE [2], MESE [4], northern-sky track [5], starting track [3], and the
inelasticity analysis [25]. Our measurement is compatible with all channels. It agrees with the
earlier Cascade result within 10 confidence interval and benefits from smaller uncertainties thanks
to nearly twice the statistics and an improved treatment of systematics. Because this analysis shares
an identical astrophysical neutrino single cascade experiments data sample with the Combined Fit
while using different atmospheric-muon control samples, simulation sets, and fitting framework,
the close overlap of their contours in Fig. 2 confirms that the two results are fully consistent and
therefore serve as strong mutual validations. The smaller contour size reported in [8] stems from a
tighter constraint on the atmospheric-muon background achieved by incorporating the northern-sky
track sample.

Motivated by the use of a broken power law model [4], and by the data excess around 30 TeV
[24] that appears under a single power law fit, we also fit a broken power law spectrum:

O, (E,) = d 10-18 (Ev/Ev,break)_yAStm’1 s Ey < Ey breaks Gev-' em 25! g 3)
L(E,) =Dy X eV em “s T st
(Ev/Ev,break) Yastor.2 ) Ev > Ev,break,

with best-fit parameters

@, = 1727037 10g,0(Ey preak/GeV) = 441703, Y asrron = 0.70° 5%, Yasiro2 = 2.83 £0.12.
“)
Figure 2 juxtaposes our contours with the MESE result obtained under the broken power law
spectral assumption and shows that the two measurements are consistent. MESE constrains the
low-energy spectral index more tightly but produces a broader contour for a single-power-law model
because the two analyses have different sensitive energy ranges [4, 24]. As illustrated at the bottom
panel of Figure 3, the broken power law provides a better description of the data, especially around
30 TeV, as compared to the single power law. A binned y? goodness-of-fit test yields )(SPL =119.7
for the single power law and X}%PL = 97.0 for the broken power law, underscoring the latter’s superior
fit; a detailed discussion of this preference and of the 30 TeV excess can be found in Ref. [24].

4.2 Flavor Composition Sensitivity

The sensitivity of the combined dataset to the flavor composition is evaluated using an Asimov
dataset constructed under the standard oscillation scenario with (f, : f, : fr) = (1 : 1 :1) at
earth using parameters calculated from [26]. The resulting confidence regions in flavor space are
visualized using a flavor triangle plot in Figure 4, with contours corresponding to 68% and 95%
confidence levels. The inclusion of our double-cascade v, sample enhances sensitivity to the v
fraction beyond that achieved by analyses using only cascade and track samples [12], and reaches a
comparable precision to previous double-cascade-based studies [12, 13].

5. Conclusion

We report two complimentary studies of the diffuse astrophysical neutrino flux in the cascade
channel. The most up-to-date measurement results of the diffuse astrophysical neutrino flux, based
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on 11 years of IceCube data, is reported, which are consistent with those obtained by other IceCube
analyses. Data favors a broken power law spectrum over a single power law, a preference driven
largely by the 30 TeV excess that emerges under the single power law hypothesis.

In addition, this work demonstrates the capability of IceCube’s latest reconstruction and simu-
lation tools—incorporating updated ice modeling—to enable flavor-sensitive astrophysical neutrino
analyses. By identifying well-reconstructed double cascade v, events with high purity and accu-
rate decay length reconstruction, we achieve a strong signal-to-background ratio and high-quality
input for flavor composition studies. Combining this tau-enriched sample with cascade and track
datasets, we provide projected sensitivity to the astrophysical neutrino flavor composition at Earth.
The results show improved constraints on the v, fraction compared to analyses using only cas-
cade and track samples. This analysis framework strengthens the foundation for future precision
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measurements of neutrino flavor with IceCube.

References

[1] IceCube Collaboration, M. G. Aartsen et al., Science 342 no. 6161, (2013) 1242856.
[2] IceCube Collaboration, R. Abbasi et al., Phys. Rev. D 104 (2021) 022002.
[3] IceCube Collaboration, M. G. Aartsen et al., Phys. Rev. D 91 (2015) 022001.
[4] V. Basu. PhD thesis, University of Wisconsin—Madison, Madison, 2025.
[5] IceCube Collaboration, R. Abbasi et al., ApJ 928 no. 1, (2022) 50.
[6] IceCube Collaboration, M. Silva, S. Mancina, and J. Osborn, PoS ICRC2023 (2023) 1008.
[7] IceCube Collaboration, M. G. Aartsen ef al., Phys. Rev. Lett. 125 (2020) 121104.
[8] IceCube Collaboration, R. Naab, E. Ganster, and Z. Zhang, PoS ICRC2023 (2023) 1064.
[9] M. Usner. PhD thesis, Humboldt University of Berlin, Berlin, 2018.
[10] IceCube Collaboration, R. Abbasi et al., EPJ C 82 no. 11, (2022) .
[11] IceCube Collaboration, R. Abbasi ef al., Phys. Rev. Lett 132 no. 15, (2024) .
[12] IceCube Collaboration, N. N. Lad and D. Cowen, PoS ICRC2023 (2023) 1122.
[13] IceCube Collaboration, V. Basu and A. Balagopal V, PoS ICRC2023 (2023) 1007.
[14] M. Rongen. PhD thesis, RWTH Aachen University, Aachen, 2019.
[15] IceCube Collaboration, R. Abbasi et al., JINST 19 no. 06, (2024) P06026.
[16] C. A. Argiielles, A. Schneider, and T. Yuan, JHEP 06 (2019) 030.
[17] IceCube Collaboration, M. Aartsen et al., JINST 15 no. 06, (2020) P06032.
[18] IceCube Collaboration, P. Eller et al., PoS ICRC2023 (2023) 1034.
[19] T. K. Gaisser, K. Jero, A. Karle, and J. van Santen, Phys. Rev. D 90 (2014) 023009.
[20] C. A. Argiielles et al., JCAP 2018 no. 07, (2018) 047.
[21] P. Hallen Master thesis, RWTH Aachen University, Aachen, 2013.
[22] IceCube Collaboration, Abbasi et al., PoS ICRC2023 (2023) 975.
[23] IceCube Collaboration, Abbasi et al., ApJ 928 no. 1, (2022) 50.
[24] Z.Zhang. PhD thesis, Stony Brook University, Stony Brook, 2025.
[25] IceCube Collaboration, M. G. Aartsen et al., Phys. Rev. D 99 (Feb, 2019) 032004.

[26] 1. Esteban, M. C. Gonzalez-Garcia, A. Hernandez-Cabezudo, et al., JHEP 2019 no. 1, (2019)


http://dx.doi.org/10.1126/science.1242856
http://dx.doi.org/10.1103/PhysRevD.104.022002
http://dx.doi.org/10.1103/PhysRevD.91.022001
http://dx.doi.org/10.3847/1538-4357/ac4d29
http://dx.doi.org/10.22323/1.444.1008
http://dx.doi.org/10.1103/PhysRevLett.125.121104
http://dx.doi.org/10.22323/1.444.1064
http://dx.doi.org/10.1140/epjc/s10052-022-10795-y
http://dx.doi.org/10.1103/physrevlett.132.151001
http://dx.doi.org/10.22323/1.444.1122
http://dx.doi.org/10.22323/1.444.1007
http://dx.doi.org/10.1088/1748-0221/19/06/p06026
http://dx.doi.org/10.1007/JHEP06(2019)030
http://dx.doi.org/10.22323/1.444.1034
http://dx.doi.org/10.1103/PhysRevD.90.023009
http://dx.doi.org/10.1088/1475-7516/2018/07/047
http://dx.doi.org/10.22323/1.444.0975
http://dx.doi.org/10.3847/1538-4357/ac4d29
http://dx.doi.org/10.1103/PhysRevD.99.032004
http://dx.doi.org/10.1007/jhep01(2019)106
http://dx.doi.org/10.1007/jhep01(2019)106

Astrophysical flux and flavor measurements

Full Author List: IceCube Collaboration

R. Abbasilﬁ, M. Ackermann®? . J. Adams!?, S. K. Agarwalla”’ aJ A. Aguilarlo, M. Ahler521, JM. Alameddinezz, S. Ali35, N. M.
Amin*?, K. Andeen*!, C. Argijelles13, Y. Ashida?, S. Athanasiadou®?, S. N. Axani*}, R. Babu??, X. Bai*’, J. Baines-Holmes®’, A.
Balagopal V.3%- 43, S, W. Barwick?®, S. Bash?®, V. Basu®?, R. Bay®, J. J. Beatty!®- 20, J. Becker Tjus®®, P. Behrens!, J. Beise®!, C.
Bellenghi%, B. Benkel63, S.BenZvid!l, D. Berleyls, E. Bernardini*” ¢D.Z. Besson35, E. Blaufussls, L. B100m58, S. Blot“, I. Bodo39,
F. Bontempo30, J. Y. Book Motzkin's, C. Boscolo Meneguolo‘”’ ¢ S. B6ser40, 0. Botnerf", J. Btjttcherl, J. Braun397 B. Brinson4,
Z. Brisson—Tsavoussis32, R.T. Burleyz, D. Butterﬁeld”, M. A. Campana48, K. CarloniB, J. Carpio33’ 34, S. Chattopadhyay”’ a N.
Chau'®, Z. Chen®, D. Chirkin®*®, S. Choi*?, B. A. Clark!8, A. Coleman®!, P. Coleman', G. H. Collin'%, D. A. Coloma Borja*’, A.
Connolly'9’ 20, J. M. Conrad"‘, R. Corley52, D. F. Cowen>® 60, C. De Clercq] ', J.J. DeLaunaySg, D. De]gadol3, T. Delmeu]lelo, S.
Deng1 ,P. Desiati39, K. D. de Vries!!, G. de Wasseige36, T. DeYoung23, J.C. Dl’az—Vélez39, S. DiKerby23, M. Dittmer42, A. Domizs,
L. Draper’?, L. Dueser!, D. Durnford?*, K. Dutta**, M. A. DuVernois>®, T. Ehrhardt*’, L. Eidenschink?®, A. Eimer?, P. Eller®,
E. Ellinger62, D. Elsésserzz, R. Engel30’ 31, H. Erpenbeck”, W. Esmail42, S. Eulig”, J. Evans'g, P. A. Evenson43, K. L. Fanlg, K.
Fang”, K. Farragls, A.R. FazelyS, A. Fedynitch57, N. Feiglg, C. Finley54, L. Fischer63, D. Fox59, A. Franckowiakg, S. Fukzuni@, P.
Fijrst', J. Gallagher38, E. Gansterl, A. Garcia13, M. Garcia43, G. Garg”’ 2 E. Genton!3 36, L. Gerhardt7, A. Ghadimisg, C. Glaser6',
T. Gliisenkamp61, J. G. Gonzalez43, S. Goswami33’34, A. Granad0523, D. Grant'z, S. 1. Gray'g, S. Griﬁin”, S. GriswoldSl, K.
M. Groth21, D. Guevel”, C. Giinther!, P. Gutjahrzz, C. Ha%3, C. Haackzs, A. Hallgrenm, L. Halvel, F. Halzen®, L. Hamacher!,
M. Ha Minh?®, M. Handt!, K. Hanson®, J. Hardin'4, A. A. Harnisch?>, P. Hatch®?, A. Haungs, J. HzuBler', K. Helbing®?, J.
Hellrungg, B. Henk(-:23, L. Hennigzs, F. Henningsenlz, L. Heuermannl, R. Hewett!7, N. Heyer61, S. Hickfordéz, A. Hidvegi54, C.
Hill"®, G. C. Hill?, R. Hmaid'3, K. D. Hoffman'®, D. Hooper?®, S. Hori®?, K. Hoshina>®-9, M. Hostert'3, W. Hou®, T. Huber?,
K. Hultqvist54, K. Hymonzz’ 57, A. lshiharals, W. lwakiri'S, M. Jacquart21, S. Jain39, 0. Janikzs, M. Jansson36, M. Jeongsz, M.
Jin!3, N. Kamp”, D. Kang30, W. Kang48, X. Kang48, A. Kappes42, L. Kardumzz, T. Karg63, M. Kar126, A. Ka.rle”, A. Kat1124,
M. Kauer®®, J. L. Kelley®®, M. Khanal®?, A. Khatee Zathul*?, A. Kheirandish®>3*, H. Kimku?, J. Kiryluk®, C. Klein®, S. R.
Klein® 7Y. Kobayashils, A. Kochocki23, R. Koirala43, H. Kolanoskis, T. Kontrimaszﬁ, L. Képke“o, C. Kopperzs, D. J. KoskinenZI,
P. Koundal*3, M. Kowalski® (’3, T. KozynetSZI, N. Krieger9, J. Krishnamoorthi®®» aT. Krishnan13, K. Kruiswijk%, E. Krupczakzs,
A. Kumar63, E. Kung, N. Kurahashi48, N. Lad%® , C. Lagunas Gualda26, L. Lallement Arnaudlo, M. Lamoureux36, M. J. Larsonlg,
F. Lauber62, J.P Lazar36, K. Leonard DeHoltonGO, A. Leszczyﬁska43, J. Liao®, C. Lin43, Y. T Liuéo, M. Liubarska24, C. Love48,
L. Lu*, F. Lucarelli?’, W. Luszczak!®-20, Y. Lyu6’7, J. Madsen’®, E. Magnus”, K. B. M. Mahn?3, Y. Makino®, E. Manao?®,
S. Mancina%’> ° A. Mand39, I. C. Mari§10, S. Marka45, Z. Marka45, L. Martcnl, 1. Martinez—SolerB, R. Maruyama44, J. Mauro36,
F. Mayhew23, F. McNally37, J. V. Mead?!, K. Meagher”, S. Mechbal®?, A. Medina?, M. Meier!d, Y. Merckx“, L. Merten®, J.
Mitchell’, L. Molchany*’, T. Montaruli?’, R. W. Moore?*, Y. Morii'>, A. Mosbrugger®, M. Moulai*?, D. Mousadi®®, E. Moyaux>¢,
T. Mukherjee30, R. Naab“, M. Nakos39, U. Naumannéz, J. Necker63, L. Neste54, M. Neumann42, H. Niederhausen23, M. U. Nisa23,
K. Noda'®, A. Noell!, A. Novikov*3, A. Obertacke Pollmann'>, V. O’Dell*?, A. Olivas'®, R. Orsoe?, J. Osborn®®, E. O’Sullivan®!,
V. Palusova40, H. Pandya43, A. Parentilo, N. Park32, V. Parrish23, E. N. Paudelss, L. Pau149, C. Pérez de los Heros61, T. Pernice“,
J. Peterson”, M. Plum49, A. Ponténﬁl, V. PoojyamSS, Y. Popovych40, M. Prado Rodriguez”, B. Pri6523, R. Procter—Murphylg, G. T
Przybylski7, L. Pyrassz, C. Raab36, J. Rack—Helleis4O, N. Rad63, M. Ravnﬁl, K. Rawlins3, Z. Rechav39, A. Rehman43, 1. Reistroffer49,
E. Resconizé, S. Reusch63, C. D. Rh056, W. Rhodezz, L. Ricca36, B. Riedel”, A. Rifaieﬁz, E. J. Robertsz, S. Robertson® 7. M.
Rongen25 LA Rosted!'?, C. Rott>2, T. Ruhe?2, L. Ruohan?®, D. Ryckboschzx, J. Saffer’! ,D. Salazar-Galleg0s23, P. SampathkumarSO, A.
Sandrockéz, G. Sanger—Johnson23, M. Santandersg, S. Sarkar46, J. SavelbcrgI , M. Scarnera36, P. Schaile%, M. Schaufel! , H. Schieler30,
S. Schindler?, L. Schlickmann?, B. Schliiter*?, F. Schliiter'®, N. Schmeisser?, T. Schmidt'®, F. G. Schréder®® 43, L. Schumacher?,
S. Schwirn!, S. Sclafani!®, D. Seckel*?, L. Seen3®, M. Seikh®’, S. Seunarine’’, P. A. Sevle Myhr3(’, R. Shah*3, S. Shefali®!, N.
Shimizu's, B. Skrzypek6, R. Snihur39, J. Soedingreksozz, A. S¢gaard21, D. Soldin52, P. Soldin', G. Sommani9, C. Spannfellner%,
G. M. SpiczakSO, C. Spiering63, J. Stachurskazs, M. Stamatikoszo, T. Stanev“, T. Stezelberger7, T. Stﬁrwaldﬁz, T. Stuttard21, G. W.
Sullivanls, I Taboada4, S. Ter—Antonyan5 LA Terliuk%, A. Thakuri49, M. Thiesmeyer”, W.G. Thompson”, J. Thwaites”, S. Tilav43,
K. Tollefson23, S. Toscano'o, D. Tosi39, A. Trettin(’}, A. K. Upadhyay39' a K. Upshaws, A. Vaidyanathan‘“, N. Valtonen-Mattila® 6', J.
Valverde“, J. Vandenbroucke”, T. van Eeden“, N. van Eijndhoven1 1 L. van Rootselaar?2, J. van Santen“, F. J. Vara Carbonell*2, F.
Varsi®! , M. Venugopal”, M. Vereecken36, S. Vergara Carrasco”, S. Verpoest43, D. Veske45, A. Vijails, J. Villarreal”, C. Walck54, A.
Wang4, E. Warricksg, C. Weaver23, P. Weigell4, A. Weindl30, J. Weldert40, AY. Wer113, C. Wendt39, J. Werthebachzz, M. Weyrauch30,
N. Whitehorn?3, C. H. Wiebusch!, D. R. Williams®, L. Witthaus??, M. Wolf?®, G. Wrede?, X. W. Xu?, J. P. Yafiez?*, Y. Yao*,
E. Yildizci39, S. Yoshidals, R. Young35, F. Yu13, S. Yu52, T. Yuan39, A. Zegarellig, S. Zhang23, Z. Zhang55, P. Zhelninl3, P. Zilberman3®

T Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany

2 Department of Physics, University of Adelaide, Adelaide, 5005, Australia

3 Dept. of Physics and Astronomy, University of Alaska Anchorage, 3211 Providence Dr., Anchorage, AK 99508, USA
4 School of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology, Atlanta, GA 30332, USA
5 Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA

6 Dept. of Physics, University of California, Berkeley, CA 94720, USA

7 Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

8 Institut fiir Physik, Humboldt-Universitit zu Berlin, D-12489 Berlin, Germany

9 Fakultit fiir Physik & Astronomie, Ruhr-Universitit Bochum, D-44780 Bochum, Germany

10 Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium



Astrophysical flux and flavor measurements

11 Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium

12 Dept. of Physics, Simon Fraser University, Burnaby, BC V5A 1S6, Canada

13 Department of Physics and Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge, MA 02138, USA
14 Dept. of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

15 Dept. of Physics and The International Center for Hadron Astrophysics, Chiba University, Chiba 263-8522, Japan

16 Department of Physics, Loyola University Chicago, Chicago, IL 60660, USA

17 Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand

18 Dept. of Physics, University of Maryland, College Park, MD 20742, USA

19 Dept. of Astronomy, Ohio State University, Columbus, OH 43210, USA

20 Dept. of Physics and Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, OH 43210, USA
21 Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark

22 Dept. of Physics, TU Dortmund University, D-44221 Dortmund, Germany

23 Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA

2z Dept. of Physics, University of Alberta, Edmonton, Alberta, T6G 2E1, Canada

25 Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg, D-91058 Erlangen, Germany
26 Physik-department, Technische Universitdt Miinchen, D-85748 Garching, Germany

27 Département de physique nucléaire et corpusculaire, Université de Geneve, CH-1211 Gengve, Switzerland

28 Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium

29 Dept. of Physics and Astronomy, University of California, Irvine, CA 92697, USA

30 Karlsruhe Institute of Technology, Institute for Astroparticle Physics, D-76021 Karlsruhe, Germany

31 Karlsruhe Institute of Technology, Institute of Experimental Particle Physics, D-76021 Karlsruhe, Germany

32 Dept. of Physics, Engineering Physics, and Astronomy, Queen’s University, Kingston, ON K7L 3N6, Canada

33 Department of Physics & Astronomy, University of Nevada, Las Vegas, NV 89154, USA

34 Nevada Center for Astrophysics, University of Nevada, Las Vegas, NV 89154, USA

35 Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA

36 Centre for Cosmology, Particle Physics and Phenomenology - CP3, Université catholique de Louvain, Louvain-la-Neuve, Belgium
37 Department of Physics, Mercer University, Macon, GA 31207-0001, USA

38 Dept. of Astronomy, University of Wisconsin—Madison, Madison, WI 53706, USA

39 Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin—Madison, Madison, WI 53706,
USA

40 Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany

41 Department of Physics, Marquette University, Milwaukee, WI 53201, USA

42 Institut fiir Kernphysik, Universitidt Miinster, D-48149 Miinster, Germany

43 Bartol Research Institute and Dept. of Physics and Astronomy, University of Delaware, Newark, DE 19716, USA

“ Dept. of Physics, Yale University, New Haven, CT 06520, USA

45 Columbia Astrophysics and Nevis Laboratories, Columbia University, New York, NY 10027, USA

46 Dept. of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom

47 Dipartimento di Fisica e Astronomia Galileo Galilei, Universita Degli Studi di Padova, I-35122 Padova PD, Italy

48 Dept. of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA

49 Physics Department, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA

50 Dept. of Physics, University of Wisconsin, River Falls, WI 54022, USA

31 Dept. of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA

52 Department of Physics and Astronomy, University of Utah, Salt Lake City, UT 84112, USA

53 Dept. of Physics, Chung-Ang University, Seoul 06974, Republic of Korea

54 Oskar Klein Centre and Dept. of Physics, Stockholm University, SE-10691 Stockholm, Sweden

55 Dept. of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA

36 Dept. of Physics, Sungkyunkwan University, Suwon 16419, Republic of Korea

57 Institute of Physics, Academia Sinica, Taipei, 11529, Taiwan

58 Dept. of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA

3 Dept. of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA

0 Dept. of Physics, Pennsylvania State University, University Park, PA 16802, USA

61 Dept. of Physics and Astronomy, Uppsala University, Box 516, SE-75120 Uppsala, Sweden

62 Dept. of Physics, University of Wuppertal, D-42119 Wuppertal, Germany

63 Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, D-15738 Zeuthen, Germany

4 also at Institute of Physics, Sachivalaya Marg, Sainik School Post, Bhubaneswar 751005, India

b also at Department of Space, Earth and Environment, Chalmers University of Technology, 412 96 Gothenburg, Sweden
¢ also at INFN Padova, I-35131 Padova, Italy

4 also at Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo 113-0032, Japan

¢ now at INFN Padova, 1-35131 Padova, Italy

10



Astrophysical flux and flavor measurements

Acknowledgments

The authors gratefully acknowledge the support from the following agencies and institutions: USA — U.S. National Science Foundation-
Office of Polar Programs, U.S. National Science Foundation-Physics Division, U.S. National Science Foundation-EPSCoR, U.S. National
Science Foundation-Office of Advanced Cyberinfrastructure, Wisconsin Alumni Research Foundation, Center for High Throughput
Computing (CHTC) at the University of Wisconsin—-Madison, Open Science Grid (OSG), Partnership to Advance Throughput Computing
(PATh), Advanced Cyberinfrastructure Coordination Ecosystem: Services & Support (ACCESS), Frontera and Ranch computing
project at the Texas Advanced Computing Center, U.S. Department of Energy-National Energy Research Scientific Computing Center,
Particle astrophysics research computing center at the University of Maryland, Institute for Cyber-Enabled Research at Michigan State
University, Astroparticle physics computational facility at Marquette University, NVIDIA Corporation, and Google Cloud Platform;
Belgium — Funds for Scientific Research (FRS-FNRS and FWO), FWO Odysseus and Big Science programmes, and Belgian Federal
Science Policy Office (Belspo); Germany — Bundesministerium fiir Forschung, Technologie und Raumfahrt (BMFTR), Deutsche
Forschungsgemeinschaft (DFG), Helmholtz Alliance for Astroparticle Physics (HAP), Initiative and Networking Fund of the Helmholtz
Association, Deutsches Elektronen Synchrotron (DESY), and High Performance Computing cluster of the RWTH Aachen; Sweden —
Swedish Research Council, Swedish Polar Research Secretariat, Swedish National Infrastructure for Computing (SNIC), and Knut and
Alice Wallenberg Foundation; European Union — EGI Advanced Computing for research; Australia — Australian Research Council;
Canada — Natural Sciences and Engineering Research Council of Canada, Calcul Québec, Compute Ontario, Canada Foundation for
Innovation, WestGrid, and Digital Research Alliance of Canada; Denmark — Villum Fonden, Carlsberg Foundation, and European
Commission; New Zealand — Marsden Fund; Japan — Japan Society for Promotion of Science (JSPS) and Institute for Global Prominent
Research (IGPR) of Chiba University; Korea — National Research Foundation of Korea (NRF); Switzerland — Swiss National Science
Foundation (SNSF).

11



	Introduction
	Astrophysical Neutrino Flux Measurement
	Astrophysical Flavor Measurement
	Double Cascade Selection
	Analysis Method

	Results
	Astrophysical Flux Measurement
	Flavor Composition Sensitivity

	Conclusion

